Japanese two-kanji compound words (Jukugo: e.g., 病院 "hospital") have two sets of neighbors: Rear-neighbors that share the same front-kanji and vary in the rear-kanji, and Front-neighbors that share the same rear-kanji and vary in the front-kanji of the Jukugo. We investigated the role of semantic activation of word neighbors in Japanese kanji word recognition. The effects of neighborhood frequency for Rearneighbors and Front-neighbors (Experiment 1) and semantic similarity between a Jukugo and its Rear-neighbor (Experiment 2) were examined using the lexical decision task. In Experiment 1, when a Jukugo and its neighbors were semantically similar, Rear-neighbors of higher frequency produced longer reaction times, whereas Front-neighbors of higher frequency produced shorter reaction times. In Experiment 2, semantic similarity between a Jukugo and its neighbor of higher frequency produced longer reaction times, although no delay was observed for semantically dissimilar Jukugo and neighbors. The results are interpreted within the companion-activation model.
Given a visually presented word, the basic reading process includes accessing word meaning in the mental lexicon. Many classical models of visual word recognition (e.g., McClelland & Rumelhart, 1981) generally assume that word recognition is based on some kind of interactive activation process among words orthographically similar to a visually presented word, that is, its orthographic neighbors. A neighbor is defined as a word (e.g., written in English) that can be generated by changing one letter of a target word while maintaining letter positions (Coltheart, Davelaar, Jonasson, & Besner, 1977) . For example, sand has four neighbors, including band, send, said, and sank (Andrews, 1997) . Understanding the activation mechanism of neighbors can contribute to answering questions about how the representations of words are organized in the mental lexicon and how readers access the meanings of words.
Traditionally, most research into the role of orthographic neighbors has been carried out with materials in English or other European languages (e.g., Andrews, 1989 Andrews, , 1992 Carreiras, Perea, & Grainger, 1997; Coltheart et al., 1977; Grainger & Jacobs, 1996; Grainger, O'Regan, Jacobs, & Segui, 1989; Grainger & Segui, 1990; Perea & Pollatsek, 1998; Sears, Hino, & Lupker, 1995) . These previous studies have mainly examined two variables: neighborhood frequency which is defined as the frequency of the neighbors relative to a presented word (Grainger et al., 1989) , and neighborhood size which is defined as the number of neighbors (Andrews, 1989) .
Grainger and his colleagues (Carreiras et al., 1997; Grainger & Jacobs, 1996; Grainger et al., 1989; Grainger & Segui, 1990) have demonstrated that lexical decision times for words with at least one neighbor of higher frequency are longer for words without a neighbor of higher frequency, when the words themselves are matched in terms of frequency of occurrence of words. This phenomenon is referred to as the neighborhood frequency effect. On the other hand, Andrews (1989 Andrews ( , 1992 has demonstrated that increasing the number of neighbors produces faster reaction times and fewer errors in lexical decision and naming tasks. The effect of the number of neighbors is referred to as the neighborhood size effect.
Recently, Grainger and Jacobs (1996) have presented the multiple read-out model for orthographic processing as a model which can explain both the neighborhood frequency and the neighborhood size effects, and in which they postulate three processes underlying lexical decision tasks within the framework of a modified interactiveactivation model (McClelland & Rumelhart, 1981) . The multiple read-out model assumes three decision criteria. The first is the M criterion, which reflects "the (local) activity of functional units within the lexicon, operationalized as the activation level of individual word units" (Grainger & Jacobs, 1996, p. 522) , i.e., the local activity is involved in word identification. The second is the Σ criterion, which reflects "the overall (global) activity in the orthographic lexicon, operationalized in the simulation model as the sum of the activation levels of all word units" (ibid., p. 522), i.e., the global activity is involved in the summed lexical activity of the word and its neighbors. The third is the T criterion, which is a temporal deadline for negative responses. According to the multiple read-out model, if either the M or the Σ criteria are reached before the T criterion, then a positive response is made, otherwise a negative response is made.
The main feature of the multiple read-out model is that it can accommodate not only the inhibitory effect of neighborhood frequency but also the facilitatory effect of neighborhood size in lexical decision tasks. The model assumes that positive responses can be based on either local activity or on global activity. A word with many activated neighbors will produce higher global activity in the earlier phases of processing, and this higher global activity will facilitate positive responses when responses are made based on the Σ criterion. On the other hand, a neighbor of higher frequency will interfere with the activation of the target word, and so the local activity for the neighbor of higher frequency will interfere with positive responses when responses are based on the M criterion.
The multiple read-out model assumes that local and global activation mechanisms operate in parallel, and positive lexical decision responses will be based on the criteria to first reach a critical threshold. These mechanisms should operate interactively according to the original interactive activation model. It is presumed that word recognition involves essentially two fundamental processes of local activation and global activation. Accordingly, if a word has neighbors of lower frequency, the activation of these neighbors facilitates global activity, and this global activity contributes to raising the local activity of the presented word during the earlier phase of processing. On the other hand, if a word has a neighbor of higher frequency, then the activation of the neighbor of higher frequency interferes with the local activity of the word during the later phase of processing. It is assumed that the effects of a higher frequency neighbor and of lower frequency neighbors are due to the combined operation of these two mechanisms until the word is identified.
The previous studies generally use monosyllabic words in an alphabetic script. A salient feature of the monosyllabic words is that the orthographic similarity between a monosyllabic word and its neighbor is relatively high. For example, a four-letter word (e.g., sand) shares three letters (75% of the orthographic information of the word) with its neighbor (e.g., said) as a resulting from the operation changing one letter of the word. However, in general, the semantic similarity between a monosyllabic word and its neighbor is low. The previous studies using monosyllabic words have considered that it is important to discriminate between orthographically similar words in word identification. This way of thinking brings a tendency for word recognition models to emphasize the crucial role of orthographic processing of neighbors, and to ignore the semantic processing. The multiple read-out model is not exception.
On the other hand, for the two-kanji compound words in kanji script used in the present study, the correspondence between orthographic and semantic information is more explicit than that of monosyllabic words in an alphabetic script as a structural feature of word-formation. Therefore, a feature of words in kanji script is that orthographically similar words are also semantically similar, and the semantic similarity between a word and its neighbor is relatively higher than that of words in alphabetic script. A Japanese two-kanji compound word (e.g., 病院 "hospital") shares one kanji character (50% of the orthographic information of the compound word) with its neighbor (e.g., 病気 "illness") as a resulting from the operation changing one kanji character in the compound word. The common kanji between the compound word and its neighbor provides semantic information. This suggests that the recognition of compound words depends on the semantic activation of the neighbors.
A Japanese two-kanji compound word (e.g., 病院 "hospital") consists of a front-kanji (e.g., 病 "illness") and a rear-kanji (e.g., 院 "facility")
1 . This type of compound is called a two-kanji Jukugo (Jukugo for short). The front-kanji 病 is also combined with the rearkanji 気 "life energy" and 室 "room" to form the Jukugo 病気 "illness" and 病室 "patient's room", respectively. In a similar way, the rear-kanji 院 is also combined with the frontkanji 入 "enter" and 退 "leave" to form the Jukugo 入院 "hospitalization" and 退院 "leaving the hospital".
Thus, the neighbors of Jukugo are defined as two sets of Jukugo: Rear (R) neighbors and Front (F) neighbors. R neighbors share the same front-kanji and vary in the rearkanji, and the front-kanji has a forward association to the kanji in the rear (R) position (e.g., 病気 and 病室 are R neighbors of 病院). In a similar way, F neighbors share the same rear-kanji and vary in the front-kanji, and the rear-kanji has a backward association to the kanji in the front (F) position (e.g., 入院 and 退院 are F neighbors of 病院) of the Jukugo. To distinguish between the terms "Jukugo" and "neighbor" in the present study, while the former refers to the presented Jukugo, the latter is used to refer to non-presented Jukugo, although in both cases these are two-kanji compound words.
THE PRESENT STUDY
The purpose of the present study is to examine whether the semantic activation of a neighbor of higher frequency interferes with the recognition of a visually presented Jukugo. If the semantic similarity between a Jukugo and its neighbor of higher frequency interferes with the recognition of the Jukugo, it will be observed that the semantically similar neighbor of higher frequency delays the reaction time to the Jukugo.
Neighborhood Frequency
The present study includes two experiments, employing the lexical decision task as in previous studies (Andrews, 1989; Grainger et al., 1989) . In Experiment 1, under conditions in which the Jukugo have semantically similar neighbors, we examine whether a neighbor of higher frequency interferes with the activation of Jukugo to complete a factorial manipulation in terms of R and F neighbors.
When a presented Jukugo has a neighbor of higher or lower frequencies, the neighbor is represented as a "+ (positive) neighbor" (i.e., a neighbor of higher frequency) or a "-(negative) neighbor" (i.e., a neighbor of lower frequency). In the case of R neighbors, we refer to these neighbors as R+ neighbors, when the frequency of the neighbor is higher than the Jukugo, and R-neighbors, when the frequency of the neighbor is lower than the Jukugo. Similarly, in the case of F neighbors, we refer to these neighbors as F+ neighbors and F-neighbors, respectively, based on the neighbor's frequency relative to the Jukugo. Taken together, Jukugo are assigned to one of four types in accordance with whether the Jukugo has at least one neighbor of higher frequency in its F and R neighbors: F+R+, F+R-, F-R+, and F-R-. Fig. 1 shows the schematic illustration of examples for the four conditions. These Jukugo are matched in terms of their frequency and the number of neighbors.
According to the multiple read-out model, it is reasonable to assume that the most frequent neighbor compared to the presented Jukugo would be activated first. This is because when the frequency of a Jukugo is lower, the neighbor of higher frequency should be activated before the Jukugo is activated, then participants would need to reject the neighbor of higher frequency and replace the prior activated neighbor with the presented Jukugo before determining whether or not the target is a word. As a result, longer lexical decision times are required when the word has a neighbor of higher frequency regardless of R and F neighbors. Accordingly, it is expected that reaction times for a Jukugo with at least one neighbor of higher frequency (i.e., F+R+, F+R-, F-R+ conditions) should be longer than a Jukugo without a neighbor of higher frequency (F-R-condition).
Semantic Similarity Between a Jukugo and Its Neighbor
In Experiment 2, under conditions in which the degree of semantic similarity between a Jukugo and its R+/-neighbors is stringently controlled, we examine whether interference from a neighbor of higher frequency is due to semantic similarity: the semantic similarity between a Jukugo and its R+/-neighbor (similar vs. dissimilar). Accordingly, in Experiment 2, we manipulated the semantic similarity (similar vs. dissimilar) and the Rear neighborhood frequency (R+ vs. R-).
When a Jukugo with an R+ neighbor is presented, the participants need to reject the R+ neighbor and replace it with the target Jukugo. How difficult it is to make this replacement will depend on whether or not the R+ neighbor belongs to the same semantic category as the Jukugo. The R+ neighbor will produce a specific semantic activation. If the R+ neighbor is semantically similar to the Jukugo (e.g., 病院 "hospital" has a semantically similar R+ neighbor 病気 "illness"), it will be difficult for participants to replace the R+ neighbor with the Jukugo. In contrast, if the R+ neighbor is semantically dissimilar to the Jukugo (e.g., 計算 "calculation" has a semantically dissimilar R+ neighbor 計画 "plan"), it will be easier to replace the R+ neighbor with the Jukugo. As a result, the reaction times in the semantically similar R+ condition should be longer than in the dissimilar R+ condition.
On the other hand, the R-neighbor will produce a weak semantic activation that provides indefinite categorical information. The indefinite semantic activation of the Rneighbor should aid to evoke global activity of neighbors, and should facilitate the semantic activation of the Jukugo. If the semantically similar R-neighbor (e.g., 拡大 "expansion" has no R+ neighbors but has a semantically similar R-neighbor 拡張 "extension") produces greater global activity than a semantically dissimilar R-neighbor (e.g., 告別 "farewell" has no R+ neighbors but has a semantically dissimilar R-neighbor R 告白 "confession"), then reaction times in the semantically similar R-condition should be shorter than in the dissimilar R-condition.
EXPERIMENT 1 METHOD
Participants: The participants were 20 undergraduate students (native Japanese speakers) at Nagoya University.
Design: Rear neighborhood frequency (R+ vs. R-) and Front neighborhood frequency (F+ vs. F-) were varied as within-subjects factors.
Materials: Eighty Jukugo were selected from a corpus of 5,209 two-kanji Jukugo (Ogawa, Saito, & Yanase, 2005) . For each of the four experimental conditions with the two factors of Rear and Front neighborhood frequencies, 20 Jukugo were selected. Eighty pseudo-compounds (e.g., 導援) that are not listed in Japanese dictionaries were prepared for the negative set by combining two legitimate kanji (e.g., 導 and 援).
Neighborhood frequency was controlled based on the two-kanji Jukugo corpus. A Jukugo was assigned to one of two conditions according to the relative frequency of its neighbors, i.e., whether or not a Jukugo has at least one neighbor of higher frequency. The numbers of companion-kanji of the front-and rear-kanji (values represent the number of neighbors including the presented Jukugo itself) were matched as closely as possible across the four experimental conditions. Jukugo frequency per million words (National Language Research Institute, 1970) and Kanji frequency, calculated from the frequencies of kanji that are used as components of two-kanji Jukugo, were also matched across the conditions. Table 1 shows the statistical characteristics of the stimuli used in Experiment 1.
Four-point scale ratings concerning the semantic similarity of the 80 Jukugo stimuli (semantic similarity rating task) were conducted by two individuals who did not participate in Experiment 1 to confirm the degree of semantic similarity between a Jukugo and its neighbors 2 . Two sets of 80 Jukugo were listed with their front-kanji in pairs (e.g., "病院" -"病_") in List 1 and with their rear-kanji (e.g., "病院" -"_ 院") in List 2. Participants were asked to carry out the following two tasks for each pair in Lists 1 and 2: Note: NcK is number of companions of kanji. R represents an R neighbor and F represents an F neighbor. "+" represents a neighbor of higher frequency and "-" represents a neighbor of lower frequency. Kanji frequency and Jukugo frequency are logarithmic transformed. Kanji frequencies are calculated using the two-kanji Jukugo corpus (Ogawa et al., 2005) and the values are equal to the summed frequencies of target and their R or F neighbors. Semantic similarity represents the values of semantic similarity ratings.
(1) Neighbor recall: recall a neighbor of the Jukugo based on its front-kanji in List 1 and write down a rear-kanji character to make a neighbor, and vice versa in List 2.
(2) Semantic similarity rating task: rate the semantic similarity between the Jukugo and its neighbor on a four-point scale ranging from 1 (very dissimilar) to 4 (very similar).
The order of Lists 1 and 2 was counterbalanced across participants. The results show that the stimuli used in Experiment 1 have semantically similar neighbors (see Table 1 ).
Procedure: All stimuli were presented at the center of a computer monitor (Gateway EV700) connected to a microcomputer (Gateway 2000) and displayed as white characters in 20 mm MS-Mincho font on a black background.
The participants were asked to judge whether each stimuli appearing on the computer screen was a word or a nonword. In each trial, a fixation point was first presented for 500 ms. After a blank interval for 500 ms, the stimulus was presented until the participants responded by pressing either the Yes or the No key. The participants were instructed to press the "yes" key as quickly and correctly as possible if the presented stimulus was a real Jukugo, and the "no" key if it was a pseudo-compound. The intertrial interval was 1000 ms. Response times and errors were automatically recorded by the computer. Sixteen practice trials were given prior to the 160 experimental trials.
RESULTS AND DISCUSSION
Mean reaction times (RTs) for correct responses and mean error rates were calculated across participants and items. Fig. 2 shows the mean RTs and error rates for Jukugo. Before conducting the analysis, outliers (RTs for each individual that were more than three standard deviations above or below the mean) were replaced by the mean RT for each participant. A total of 1.1% of the RT data was replaced by this procedure.
To examine the effects of Rear and Front neighborhood frequencies for a Jukugo, analyses of variance (ANOVA) with the two factors of Rear neighborhood frequency (R+ vs. R-) and Front neighborhood frequency (F+ vs. F-) were performed on the RTs and the error data 3 . The ANOVA for the RT data showed a significant main effect of Rear neighborhood frequency only in the subject analysis [F s (1, 19) = 4.87, p < .05; F i < 1]. This indicates that the mean RT in the R+ condition is longer than in the R-condition. The main effect of Front neighborhood frequency is also significant only in the subject analysis [F s (1, 19) = 12.41, p < .01; F i (1, 76) = 2.24, p > .10]. However, this indicates that the mean RT in the F+ condition is shorter than in the F-condition. The interaction between Rear and Front neighborhood frequencies is not significant in either the subject or the item analyses [F s (1, 19) = 1.26, p > .10;
The ANOVA on the error data showed a similar pattern for the RT data. The ANOVA showed a significant main effect of Front neighborhood frequency [F s (1, 19) = 4.53, p < .05; F i (1, 76) = 3.91, p < .06] and also interaction between the Rear and Front neighborhood frequencies in the subject analyses [F s (1, 19) = 5.98, p < .05; F i < 1]. Tukey's test showed that the error rate in the F-R+ condition is higher than in the F+R+ and the F-R-conditions (p < .05).
The results of Experiment 1 show that the delay in reaction times occurs in the R+ condition. This suggests that a neighbor of higher frequency sharing the front-kanji of the Jukugo is recalled prior to recalling the Jukugo, and the neighbor of higher frequency delays the Jukugo identification. In contrast, the delay in reaction times was not observed in the F+ condition. It seems that a neighbor of higher frequency sharing the rear-kanji of the Jukugo is not recalled prior to recalling the Jukugo. No previous studies have provided evidence to support the notion that the processing of the rear-kanji has some advantage over the front-kanji in reading of a Jukugo (e.g., Hirose, 1992; Kawakami, 2002; Ogawa et al., 2005 ; see also Zhou, Marslen-Wilson, Taft, & Shu, 1999, for Chinese compound words).
In Experiment 1, we confirmed that the activation of an R+ neighbor interferes with the activation of a Jukugo. Accordingly, in Experiment 2 we focused on the Rear condition, and examined whether the semantic similarity between a Jukugo and its neighbor of higher frequency delays reaction times to the Jukugo. If the specific semantic activation of semantically similar R+ neighbor makes it difficult to replace the activated Error bars indicate the standard deviation in the mean reaction times and the percentages of errors. The gray rectangles indicate the Jukugo "FR", while the "F" and "R" in white squares with black borders indicate the front-kanji and the rear-kanji character of the Jukugo, respectively. The Jukugo in the four conditions were equated on token word frequency. The white squares with gray borders indicate either the front-or the rear-kanji of semantically similar neighbors. "F+" indicates a front-kanji of a neighbor of higher frequency, while "R+" indicates a rear-kanji of a neighbor of higher frequency, and similarly, "F-" indicates a front-kanji of a neighbor of lower frequency, and "R-" indicates a rear-kanji of a neighbor of lower frequency.
neighbor of higher frequency with the presented Jukugo, reaction times in the semantically similar R+ condition should be longer than in the dissimilar R+ condition. On the other hand, if the indefinite semantic activation of semantically similar Rneighbor produces greater global activity than the semantically dissimilar R-neighbor, then reaction times in the semantically similar R-condition should be shorter than in the dissimilar R-condition 4 .
EXPERIMENT 2 METHOD
Participants: The participants were 20 undergraduate students (native Japanese speakers) at Nagoya University who did not participate in Experiment 1.
Design: Semantic similarity (similar vs. dissimilar) and Rear neighborhood frequency (R+ vs. R-) were varied as within-subjects factors.
Materials: Forty Jukugo were selected from the Japanese two-kanji Jukugo corpus (Ogawa et al., 2005) used in Experiment 1. For each of the four experimental conditions with the two factors of semantic similarity and Rear neighborhood frequency, ten Jukugo were selected. Neighborhood frequency was controlled based on the two-kanji Jukugo corpus, as in Experiment 1.
The semantic similarity between a Jukugo and its R+/-neighbor was judged by the experimenters. A Jukugo was assigned to similar or dissimilar conditions according to the semantic similarity between a Jukugo and its neighbor.
In order to carefully assess the relative frequencies and the semantic similarity of a Jukugo and its neighbor within the mental lexicons of the participants, the 20 participants in Experiment 2 performed rating tasks concerning the relative frequency of a neighbor compared to a Jukugo (neighborhood frequency rating task) and a semantic similarity rating task for the 40 Jukugo after completing the lexical decision task. The results for RTs and error rates for the Jukugo were analyzed according to a reclassification of the stimuli based on the subjective ratings of the participants.
For the neighborhood frequency and semantic similarity rating tasks, the participants were again presented with the set of Jukugo previously presented in the lexical decision task. The forty Jukugo and their front-kanji were listed in pairs on a sheet (e.g., " 病院" -"病_"). The participants were asked to carry out the following three tasks for each pair. Procedures (1) and (3) were identical to those in Experiment 1, except that participants were asked to only rate R+/-neighbors. (1) Neighbors recall. (2) Neighborhood frequency rating task: subjectively rating the more frequent compound word in the pairs of the presented Jukugo and the recalled neighbor. (3) Semantic similarity rating task.
According to the original set of 40 Jukugo, the mean ratings of semantic similarity by the participants were calculated for each of the four experimental conditions. The results showed that the mean ratings in the similar conditions (a mean of 3.10 (SD = 0.28) in the R+ condition; a mean of 3.11 (SD = 0.34) in the Rcondition) were higher than in the dissimilar conditions (a mean of 2.28 (SD = 0.60) in the R+ condition; a mean of 2.21 (SD = 0.66) in the R-condition).
First, we focused on the neighbors most frequently recalled by the participants. For example, the neighbor of higher frequency 就職 of the Jukugo 就任 was recalled by 16 of the 20 participants. Accordingly, its recall rate is 80.0%. The recall rates for the four experimental conditions are presented in Table 2 . We then checked whether the most recalled neighbors corresponded to the R+/-neighbors listed in the two-kanji Jukugo corpus (Ogawa et al., 2005) . This check revealed that nine Jukugo in the R+ condition corresponded to R+ neighbors, and twelve Jukugo in the R-condition corresponded to R-neighbors listed in the two-kanji Jukugo corpus. For the remaining 19 Jukugo, the participants either recalled R-neighbors in the R+ condition or much lower frequency neighbors not listed in the two-kanji Jukugo corpus in the R-condition. For these two reasons, 19 Jukugo were excluded from the RT and error rate analysis.
We then assigned the remaining 21 Jukugo to the similar and dissimilar conditions according to the ratings of semantic similarity made by the participants. The rating was equal to or more than 3.0 in the similar condition and less than 3.0 in the dissimilar condition.
The number of companions of front-kanji, front-kanji frequency, and Jukugo frequency were matched as closely as possible across the four experimental conditions. Table 2 shows the statistical characteristics and the semantic similarity rating values for the reclassified 21 Jukugo used in Experiment 2. Forty pseudocompounds were prepared as a negative set in the same manner as Experiment 1.
Procedure: The procedure was identical to that of Experiment 1.
RESULTS AND DISCUSSION
The results of Experiment 2 were analyzed according to the reclassification of the 21 Jukugo 5 . Mean RTs for correct responses and mean error rates were calculated across participants and items. Fig. 3 shows the mean RTs and error rates for the Jukugo. To examine the effects of neighborhood frequency and semantic similarity for the Jukugo, ANOVAs with the two factors of semantic similarity (similar vs. dissimilar) and Rear neighborhood frequency (R+ vs. R-) were performed on the RTs and error data.
The ANOVA for the RT data showed a main effect of Rear neighborhood frequency only in the subject analysis [F s (1, 19) = 3.37, p < .001; F i (1, 17) = 1.31, p > .10] and also an interaction between Rear neighborhood frequency and semantic similarity [F s (1, 19) = 15.96, p < .001; F i (1, 17) = 5.98, p < .05]. To investigate the interaction, Tukey's tests were conducted to examine the differences between the similar and dissimilar conditions for each neighborhood frequency, and between the R+ and R-conditions for Note: NcK is number of companions of kanji. R represents an R neighbor and F represents an F neighbor. "+" represents a neighbor of higher frequency and "-" represents a neighbor of lower frequency. Kanji frequency and Jukugo frequency are logarithmic transformed. Kanji frequencies are calculated using the two-kanji Jukugo corpus (Ogawa et al., 2005) and the values are equal to the summed frequencies of target and their R or F neighbors.
5 The ANOVAs with the two factors of Rear neighborhood frequency and semantic similarity for the RT and error data showed a similar pattern for the results of the reclassified 21 Jukugo. For the RT data, the ANOVA showed a marginally significant effect of Rear neighborhood frequency in the subject analysis [F s (1, 19) = 15.11, p < .001; F i (1, 36) = 2.08, p > .10]. The interaction between Rear neighborhood frequency and semantic similarity was also marginally significant in the subject analysis [F s (1, 19) = 3.53, p < .08; F i (1, 36) = 1.62, p > .10]. Tukey's test showed that under the similar condition, the mean RT in the R+ condition is longer than in the R-condition (p < .05), whereas under the dissimilar condition, the mean RTs between the R+ and R-conditions are not different. Under the R+ conditions, no differences were observed between the RTs in the similar and the dissimilar conditions, whereas in the R-condition, the mean RT in the similar condition is shorter than in the dissimilar condition (p < .05).
For the error data, the ANOVA showed a marginally significant effect of Rear neighborhood frequency [F s (1, 19) = 3.72, p < .07; F i < 1], and an interaction between Rear neighborhood frequency and semantic similarity in the subject analyses [F s (1, 19) = 7.12, p < .05; F i (1, 36) = 1.91, p > .10]. Tukey's test showed that under the similar condition, the error rate in the R+ condition is higher than in the R-condition (p < .05). In the dissimilar condition, no differences were observed between the error rates in the R+ and the Rconditions. Under the R+ condition, the error rate in the similar condition is higher than in the dissimilar condition (p < .05), whereas in the R-condition, no differences were observed between the error rates in the similar and the dissimilar conditions. The error bars indicate the standard deviation in the mean reaction times and the percentages of errors. The gray rectangles indicate the Jukugo "FR," and "F" and "R" in the white squares with black borders indicate the front-kanji and the rear-kanji character of the Jukugo, respectively. The Jukugo in four conditions were equated on token word frequency. The white and shaded squares with gray borders indicate a rear-kanji of R neighbors in the similar and the dissimilar conditions. "R+" and "R-" indicate a rear-kanji of higher and lower frequency R neighbors, respectively. According to the original set of 40 Jukugo, the mean RTs and error rates for each of the four conditions were 568 ms (SD = 137) and 21.0% (SD = 16.1) in the similar-R+ condition, 509 ms (SD = 62) and 1.9% (SD = 6.0) in the similar-R-condition, 548 ms (SD = 112) and 3.8% (SD = 8.9) in the dissimilar-R+ condition, and 543 ms (SD = 129) and 12.5% (SD = 12.5) in the dissimilar-R+ condition, respectively.
each semantic similarity. The effect of neighborhood frequency was only observed in the similar condition, i.e., when the meanings of a Jukugo and its neighbor are highly similar. Tukey's test showed that under the similar condition, the mean RT in the R+ condition is longer than in the R-condition (p < .05). In contrast, under the dissimilar condition, the mean RTs between the R+ and R-conditions are not different.
The effect of semantic similarity in the R+ condition is opposite to that in the Rcondition. Under the R+ condition, the mean RT in the similar condition is longer than in the dissimilar condition (p < .05); in the R-condition, the mean RT in the similar condition is shorter than in the dissimilar condition (p < .05). This suggests that when the neighbors are semantically similar to a Jukugo, a neighbor of higher frequency interferes with the activation of the Jukugo, and the neighbor of lower frequency facilitates the activation of the Jukugo.
The ANOVA for the error data showed a similar pattern to the RT data. The ANOVA showed main effects of Rear neighborhood frequency [F s (1, 19) = 5.37, p < .05; F i < 1], semantic similarity [F s (1, 19) = 4.13, p = .06; F i < 1], and an interaction between Rear neighborhood frequency and semantic similarity only in the subject analyses [F s (1, 19) = 22.09, p < .001; F i (1, 17) = 3.63, p < .07]. The interaction reflects the fact that under the similar condition, the error rate in the R+ condition is higher than in the Rcondition (p < .05). In the dissimilar condition, no differences were observed between the error rates in the R+ and the R-conditions. Tukey's test showed that under the R+ condition, the error rate in the similar condition is higher than in the dissimilar condition. In contrast, under the R-condition, the error rate in the similar condition is lower than in the dissimilar condition (p < .05).
The results of the R+ condition in Experiment 2 show that the RT in the similar condition is longer than in the dissimilar condition. This indicates that when a neighbor of higher frequency is orthographically and semantically similar to a presented Jukugo, the neighbor of higher frequency interferes with the Jukugo recognition. This supports the assumption that when the specific semantic activation of a neighbor of higher frequency occurs prior to that of the presented Jukugo, the semantic similarity makes it difficult to discriminate between the Jukugo and its neighbor in Jukugo identification.
In contrast, the results of the R-condition show that the RT in the similar condition is shorter than in the dissimilar condition. It is implied that when a neighbor of lower frequency is orthographically and semantically similar to a presented Jukugo, instead of the specific semantic activation by the neighbor of higher frequency, the neighbor of lower frequency facilitates the Jukugo recognition. This may be interpreted as indicating that the indefinite semantic activation of the neighbor of lower frequency aids to evoke the semantic activation of the presented Jukugo. In the general discussion below, we will discuss how the semantic similarity between the Jukugo and its neighbor of lower frequency facilitates the Jukugo recognition.
inhibition at 180 ms SOA in naming latencies of the whole kanji. Saito (1997) suggests three assumptions concerning the semantic activation of neighbors sharing a left radical in single kanji reading. Firstly, a radical family of left radicals carrying semantic information comprises a semantic category that functions as a kind of semantic constraint on the radical family members. Secondly, the indefinite semantic information of the radicals aids in recalling radical family members sharing a critical radical. This implies that a radical produces semantic activation of the related radical family members, i.e., semantically similar neighbors. In the time course of kanji recognition, this indefinite semantic activation facilitates the activation of kanji during the earlier phase of processing. Finally, semantic function produces semantic similarity (semantic cohesion) among radical family members. However, the semantic similarity makes it difficult to discriminate the radical family members, and semantically similar neighbors produce interference for the kanji to be identified during the later phase of processing. These three phases of processing are not necessarily performed serially but rather interactively. This framework is built on the companion-activation model (Saito, 1997; Saito, Masuda, & Kawakami, 1998) .
A radical that is combined with a critical radical to form a kanji is referred to as a companion-radical. In a similar way, a kanji that is combined with a critical kanji to form a compound word is referred to as a companion-kanji. Within the companion-activation model, representations of radicals, kanji, and compound words are organized into multiple layers in the mental lexicon. Within each of the three layers (i.e., radicals, kanji, and compound words), the activation of representations is produced in two types of foreground and background processing. The activation of representations for a presented compound word is produced in foreground processing, and the activation of representations for its neighbors is produced in background processing. Both foreground and background activations mutually interact. The activation of radical-level representations spreads to the kanji-level representations, and the activation of kanji-level representations spreads, in turn, into the compound word-level representations sharing a common kanji in background activation. According to the companion-activation model, the semantic activation processes involve common mechanisms between the layers of kanji and compound word representations underlying a hierarchal structure in the mental lexicon. The results of Experiment 2 in the present study support the assumption that, in common with the single kanji character level, the semantic similarity between a word and its neighbors has two different functions in word recognition at the compound word level.
The companion-activation model assumes that the global and the local activation of neighbors are based on orthographic and semantic similarities between a word and its neighbors, while the multiple read-out model focuses only on orthographic similarity. Before accepting the conclusion that the difference between the two models is due to the diversity of orthographies for word stimuli between the studies, the multiple read-out model must be tested in the experiments using not only monosyllabic words but also compound words. For compound words (e.g., werkte in Dutch, "worked") that consist of a stem (e.g., werk, "work") and its affix, the correspondence between orthographic and semantic information in the stems are explicit, even though the compound words are written in alphabetic script (cf. Bertram, Baayen, & Schreuder, 2000) . Therefore, it is indispensable to use compound words to clarify the semantic processing in visual word recognition regardless of the diversity of orthographies. We predict that the semantic activation mechanism within the companion-activation model can be applied to other types of languages with hierarchical morphological structure.
However, the mechanism of spreading activation to semantically similar neighbors might be modified by the associative relationships between a word and its neighbors. For example, in English compound words (e.g., bathroom), although the meaning of the compound is related to the meaning of its stems, stems may have different meanings in different compound words (e.g., Zhou & Marslen-Wilson, 2000) . It remains unclear how the semantic activation of a stem spreads to neighbors in the recognition of compound words where the semantic and syntactic properties of the stems are different. Japanese two-kanji compound words have diversity in terms of the morphological structure (e.g., Joyce, 2002) . In the present study, we have manipulated semantic similarity based on subjective ratings obtained from the participants. However, the semantic properties of words might not be a factor that can be captured by this kind of rating survey. Further investigation is required to differentiate the type of morphological structure within Jukugo. Some researchers have presented methods of quantifying the semantic similarity between words (e.g., Buchanan, Westbury, & Burgess, 2001; Sialaluk, Buchanan, & Westbury, 2003) . Future research will be needed to establish quantitative measurements for semantic and syntactic properties and to investigate how these are represented in the mental lexicon.
